Bacteriophages and plasmids can introduce novel DNA into bacterial cells, thereby creating an opportunity for genome expansion; conversely, CRISPR, the prokaryotic adaptive immune system, which targets and eliminates foreign DNAs, may impair genome expansions. Recent studies presented conflicting results over the impact of CRISPR on genome expansion. In this study, we assembled a comprehensive dataset of prokaryotic genomes and identified their associations with phages and plasmids. We found that genomes associated with phages and/or plasmids were significantly larger than those without, indicating that both phages and plasmids contribute to genome expansion. Genomes were increasingly larger with increasing numbers of associated phages or plasmids.
Introduction
Gene duplication and/or horizontal gene transfer (HGT) play important roles in functional innovation and species adaptation, and are the main sources of genome expansions (1-5). In prokaryotes, it has been shown that the importance of HGT for genome expansions can even outweigh that of gene duplication (6, 7) .
Mobile DNA elements such as bacteriophages (referred to as phages below) and plasmids can infect their hosts and introduce novel DNAs into the host genomes (8) (9) (10) (11) . They often have a very narrow range of hosts; but under certain conditions, such as antibiotic stress, phages and plasmids can expand their host ranges (12) .
Therefore, phages and plasmids are important sources of HGT and of prokaryotic innovations, and consequently drive bacterial evolution and adaptation (13) (14) (15) .
Phages and plasmids are widely distributed in prokaryotes. Unlike plasmids, phages are pathogens that often lead to lysis of their hosts (16, 17) . Over the course of prokaryotic evolution, bacteria and archaea developed various defense systems against phages, plasmids, and other invading genetic elements (18) . CRISPR (clustered regularly interspaced short palindromic repeats), the adaptive immune system of prokaryotes, is a recently recognized player in the ongoing arms race between viruses and hosts, and plays an important role in the dynamic process by which the genomes of prokaryotes and mobile elements coevolve. CRISPR systems are wide-spread in prokaryotes, found in about 40% of bacteria and 90% of archaea (19) (20) (21) (22) . CRISPR systems can also target plasmids (23), although plasmids are not necessarily detrimental to their host's fitness but instead often carry a diverse range of antimicrobial and biocide resistance genes that may help their hosts to survive under certain conditions (24, 25).
Based on the above observations, it is reasonable to speculate that over the course of evolution, phages and plasmids may contribute to the expansion of prokaryotic genomes, while CRISPR systems may impair such a process. These speculations are consistent with recent observations that CRISPR limits HGT by targeting foreign DNAs (23, 26). However, controversial observations have also been reported recently. For example, Gophna and colleagues did not observe the expected negative correlation between CRISPR activity in microbes with three independent measures of recent HGT, leading them to conclude that the inhibitory effect of CRISPR against HGT is undetectable (27). Furthermore, a recent study revealed that CRISPR-mediated phage resistance can even enhance HGT by increasing the resistance of transductants against subsequent phage infections (28). These observations appear surprising, as the restricted acquisition of foreign genetic material is believed to be one of the sources of the maintenance fitness cost of CRISPR systems and may be one of the reasons for the patchy distribution of CRISPR among bacteria (29, 30). Thus, it is currently unclear what long-term effects CRISPR, phages, and plasmids have on genome expansion.
In this study, we first collected a comprehensive dataset of prokaryotes and their associations with phages, plasmids, and CRISPR systems. We then applied a generalized linear model to evaluate the contributions of phages, plasmids, and CRISPR to genome size. After controlling for genome GC (guanine+cytosine) content, which is known to correlate significantly with genome size (31, 32), we found that both phages and plasmids are associated with larger genomes, while the presence of a CRISPR system is associated with small genome size. Genome sizes increase with increasing numbers of associated phages and plasmids. Our results clearly indicate that in the long run, phages and plasmids facilitate genome expansions, while CRISPR impairs such a process in prokaryotes. Furthermore, our results also reveal a striking preference of CRISPR systems for targeting phages rather than plasmids, consistent with the typical consequences of phage and plasmid infections to the hosts and the roles of CRISPR as a defense system. As shown in Figure 1A , we found that 53.98% of prokaryotes had no known associations with infecting phages. 14.88%, 16.68%, and 14.46% of prokaryotes were associated with one, two to three, and more than three phages, respectively ( Figure   1A ). In addition, we found that 67.46% of prokaryotes did not associate with plasmids, while 14.75%, 11.68%, and 6.12% of the genomes associated with one, two to three, and more than three plasmids, respectively ( Figure 1B Figure 1) , confirming the high quality of our association data. We found that in total 42 .58% of genomes collected in this study contained either phages or plasmids but not both, while 17.98% of genomes contained both phages and plasmids.
Results and discussion
As shown in Figure 1C , we identified CRISPR systems in 34.31% of the prokaryotic genomes ( Figure 1C) ; this percentage is slightly less than previously reported, mainly due to the fact that we removed plasmid-encoded CRISPR systems from our calculation (see Materials and Methods for details). We found that CRISPRs were significantly enriched in phage-associated compared to non-phage-associated genomes (odds ratio OR=1. 43 In addition, we found that CRISPRs were more enriched in phage-associated compared to plasmid-associated genomes (OR=2.62, P= 9.0x10 -26 , excluding genomes containing both phages and plasmids), suggesting a strong target preferences of CRISPRs toward phages (Table 1) .
associated with smaller genomes
We next investigated which factors contribute significantly to genome size. Previous results have shown a strong correlation between genomic GC content and genome size (31); GC content may even play a causal role in shaping genome size (32).
Applying a linear model (LM, see Materials and Methods for details), we found that GC content was indeed the strongest predictor of genome size ( Table 2 ). The LM analysis also revealed that the presence/absence of phages, plasmids, and CRISPR all significantly influenced genome size; the presences of phages and of plasmids were associated with increased genome sizes, while CRISPR was associated with decreased genome sizes ( Table 2) . We estimated that the relative importance of these factors for genome size were 89% for GC-content, 5.8% for phage presence, 4.4% for plasmid presence, and 0.38% for CRISPR presence. Interestingly, we found that the presence of both phages and plasmids in the same genome was associated with a smaller genome size than expected if the contribution of phages and plastids was independent plasmids (i.e., the interaction term phages*plasmids was negative, Table 2 ). Unless stated otherwise, we thus limit our further analyses to prokaryotes that contained either phages or plasmids but not both. Note that our conclusions on the influence of phages, plasmids, and CRISPR systems on genome size remain unchanged if we perform separate analyses on genomes containing no phages and on genomes containing no plasmids (Table 2) .
Increasing numbers of phages and plasmids are associated with increased genome sizes
We next investigated the impact of the numbers of phages and plasmids on genome size. Phages and plasmids often have very narrow host ranges (35); the number of known associations with phages may indicate the ability of the prokaryotic host to acquire external novel DNA. Consistent with our expectation, we found that genomes associated with more phages had larger overall genomes ( Figure 2A ). We observed similar results with plasmids ( Figure 2B ).
Consistent with the results from the LM analysis, we found that phage-associated genomes are statistically significantly smaller when they encode a CRISPR system compared to when they do not ( Figure 2C ). However, we did not find a corresponding trend in plasmid-associated genomes ( Figure 2D ). These results are consistent with the different fitness consequences of phage and plasmid invasions to the prokaryotic hosts. Both phages and plasmids can bring exogenous DNA to prokaryotes and decrease the fitness of their hosts, for example by increasing the burden on the host's transcription and translation apparatus. However, phages typically cause substantial additional fitness decreases through virion production and assembly and eventually host lysis, while plasmids often carry genes that are beneficial to the survival of their hosts under certain circumstances (36, 37). It is thus likely that the CRISPR systems in prokaryotes are more sensitive to phages than to plasmids. This line of argument is also consistent with our results that the presence of CRISPRs is more enriched in phage-associated than in plasmid-associated genomes.
The influence of associated phages, plasmids, and CRISPR on genome
GC-content
We then investigated which factors contribute significantly to genome GC-content.
Consistent with our previous results (LM analysis, Table 2 ), we found that genome size was indeed the most significant predictor of GC-content, with a relative importance of almost 99% (LM analysis, Table 3 ). The presence of plasmids also had a significant influence on GC-content, with a relative importance of 1% (Table 3) . The presence/absence of phages and CRISPR had no significant influence on GC-content by themselves; surprisingly, however, the presence of phages reduced the influence of plasmid presence on GC content.
We also investigated whether these factors contribute significantly to GC-content when genomes contain no phages/plasmids. Unsurprisingly, genome size remained the most significant factor for the prediction of genome GC-content, as shown in Table 3 , with a relative importance of around 99%. Analysis of genomes without phage-associations confirmed the small influence of plasmid presence on GC content (Table 3) . In addition, analysis of genomes without plasmid-associations revealed a small but statistically significant influence of phage presence on GC-content ( Table   3 ).
As shown in Table 4 and Supplementary Figure 3 , we did not find clear and consistent trends in GC-content as a function of the number of associated phages or plasmids. These results indicate that the influence of phages and plasmids on genome GC-content is secondary to the effect of genome size.
Conclusion
We expected that phages and plasmids could facilitate genome expansions because they can bring novel DNAs into prokaryotic cells that can be integrated into the host genome, while CRISPR immune systems could impair such a process by targeting and eliminating foreign DNAs. However, recent studies presented inconsistent results regarding this topic (22, 23, 26-28).
To address this issue, we assembled a comprehensive dataset of prokaryotic genomes and their associations with phages and plasmids. By dividing genomes into distinct groups according to whether they associated with phages and/or plasmids and/or contained CRISPRs, we revealed that genomes with phages or with plasmids were significantly larger than those without, and genome sizes increased with increasing numbers of associated phages/plasmids. Conversely, phage-associated (but not plasmid-associate) genomes with CRISPRs were significantly smaller in size than those without, regardless of the number of associated phages. These results confirm that in the long run, bacteriophages and plasmids facilitate genome expansions while CRISPR impairs phage-driven genome expansions.
Genome size evolution has previously been reported to be associated with that of genomic GC-content (38). Thus, it appeared possible that phage-and/or plasmid-association has a direct effect not only on genome size but also on GC-content. However, in this study, we found only minor influences of phages (Table   6 ) and plasmids (Tables 5, 7 ) on genomic GC-content.
Our results also imply that CRISPR immune systems might be more sensitive towards invading phages than plasmids, consistent with the differential fitness burdens brought by the two types of foreign invaders to the hosts (37, 39-41).
Our results differ significantly from several previous studies (27, 28). For example, Gophna et al. reported that the inhibitory effect of CRISPR against HGT is undetectable using three independent measures of recent HGT (27). However, it is known that CRISPR spacers -which were used by Gophna et al. to assess CRISPR activity (27) -have very high turnover rates, on the time-scale of days (42) (43) (44) , while
HGT genes may take a very long time to be incorporated into existing gene networks (45) , suggesting that it is only possible to look at the impacts of CRISPRs on HGTs at evolutionary scales. Interestingly, Gophna et al. also studied spacer acquisition and concluded there was a bias toward frequently encountered invasive exogenous genetic elements, especially infecting viruses (27); this is consistent with our conclusion that CRISPRs tend to be more sensitive towards invading phages than plasmids. Recently,
Watson et al. reported that the CRISPR system of the bacterium Pectobacterium atrosepticum enabled the host to resist phage infection, but that this enhanced rather than impeded HGT by transduction (28). However, it is yet to be seen whether or not this phenomenon is unique to P. atrosepticum.
Materials and Methods

Data
We obtained data from three sources. Microbe-phage interaction data was collected from the MVP database, which we described in a previous publication (35). MVP is one of the latest and largest databases about microbe-phage interactions, which The 77 genomes which contained plasmid-encoded CRISPR systems were removed from all analyses.
In total, 5,994 prokaryotes were found in both of the first two datasets; among these, 1,950 contained plasmids, 2,758 contained phages, and 2,056 contained
CRISPRs on their chromosomes. Detailed information on the dataset can be found in Supplementary Table 1 .
Statistical analysis
All data were analyzed using R v3.4 (48). All pair-wise comparisons between two groups of numeric data (genome sizes or genomic GC-contents) were performed by Wilcoxon rank-sum tests. Linear model (LM) analysis was performed with the R function glm(). Relative importance analysis was performed with the calc.relimp() function available from the R package 'relatimpo' (49). 
